YB-1 is a broad-specificity RNA-binding protein that is involved in regulation of mRNA transcription, splicing, translation, and stability. In both germinal and somatic cells, YB-1 and related proteins are major components of translationally inactive messenger ribonucleoprotein particles (mRNPs) and are mainly responsible for storage of mRNAs in a silent state. However, mechanisms regulating the repressor activity of YB-1 are not well understood. Here we demonstrate that association of YB-1 with the capped 5 terminus of the mRNA is regulated via phosphorylation by the serine/threonine protein kinase Akt. In contrast to its nonphosphorylated form, phosphorylated YB-1 fails to inhibit cap-dependent but not internal ribosome entry site-dependent translation of a reporter mRNA in vitro. We also show that similar to YB-1, Akt is associated with inactive mRNPs and that activated Akt may relieve translational repression of the YB-1-bound mRNAs. Using Affymetrix microarrays, we found that many of the YB-1-associated messages encode stress-and growth-related proteins, raising the intriguing possibility that Akt-mediated YB-1 phosphorylation could, in part, increase production of proteins regulating cell proliferation, oncogenic transformation, and stress response.
More than two decades ago, several abundant proteins within the size range of ϳ50 to 60 kDa were identified in complexes with maternal mRNA in Xenopus laevis oocytes and reported to be involved in translational "masking" of mRNA during early metazoan development (9, 34) . Subsequently, these proteins initially cloned as FRGY1 and FRGY2 (frog Y-box proteins 1 and 2) (42) turned out to be common for male and female germ cells in all organisms studied, including mammals (27, 37) . In somatic mammalian cells, the closely related 50-kDa protein (Ͼ96% amino acid identity), first designated p50 and most recently YB-1 (Y-box-binding protein 1), was shown to be a predominant component of translationally inactive messenger ribonucleoprotein particles (mRNPs) (14, 28) . Interestingly, YB-1 was independently cloned as a transcription factor that specifically binds to the Y-box promoter element of major histocompatibility complex class II genes (11) . It is now well established that YB-1 and related proteins are involved in regulation of both transcription and translation by virtue of sequence-specific and nonspecific binding to nucleic acids (45) . The DNA and RNA sequence specificity of YB-1 is mediated through an evolutionarily conserved cold shock domain (CSD), which contains the RNA-binding motifs RNP1 and RNP2. The C terminus of YB-1 possesses alternating basic and acidic clusters and is implicated in both nonspecific DNA or RNA binding and protein-protein interactions (12, 24) . YB-1 functions as a structural protein involved in spatial organization of mRNPs (36) . It is also known to bind in close proximity to the mRNA cap structure and to displace the initiation factors eukaryotic translation initiation factor 4E (eIF4E) and eIF4G, thereby causing mRNA translational silencing and stabilization (13, 30) . Consistent with its inhibitory role in translation, YB-1 is mainly associated with nonpolysomal inactive mRNPs, whereas active mRNPs derived from polysomes contain significantly lower YB-1 levels (29) . Accordingly, activation of stored mRNPs in germinal and somatic cells is accompanied by dissociation of YB-1 and related proteins (29, 33, 34) . However, the mechanism regulating binding of these proteins to mRNA remains elusive. Initially, phosphorylation of FRGY1 and FRGY2 by casein kinase II was shown to increase their binding to mRNAs and thus considered a potential mechanism for mRNA silencing during Xenopus oogenesis (27, 37) . We also found that YB-1 is efficiently phosphorylated by casein kinase II; however, no effect of this phosphorylation event on the ability of YB-1 to bind to RNA was observed (35) . Recently, another mechanism involving a YB-1-interacting protein called YBAP1 has been proposed (26) , although the functional relevance of this finding in vivo remains to be established.
In our efforts to determine how YB-1 activities in transcription and translation might be regulated, we identified the serine/threonine kinase Akt as a direct interactor with YB-1.
analyzed by sodium dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis (PAGE) and autoradiography or immunoblotting (IB).
In vitro Akt kinase assay and GST pull-down assays. Recombinant YB-1 or its derivatives (0.2 g of each) were incubated with the activated or inactive Akt forms (0.5 g; Upstate) in a 20-l reaction mixture containing 25 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 2 mM DTT, 5 mM ␤-glycerophosphate, 0.1 mM Na 3 VO 4 , 2 M ATP, and 5 Ci [␥- 32 P]ATP (3,000 Ci/mmol; NEN). Where indicated, phosphorylation was performed in the presence of 0.5 mM of cold ATP. After incubation for 20 min at 37°C, reactions were stopped by adding 2ϫ Laemmli buffer, boiled, and analyzed by SDS-10% PAGE and autoradiography. For the experiments in Fig. 5 , YB-1 proteins were additionally purified after phosphorylation using heparin-Sepharose equilibrated with 10 mM Tris-HCl, pH 7.5, and 200 mM KCl. After extensive washes, YB-1 proteins were eluted with 2 M KCl and then dialyzed against 10 mM Tris-HCl, pH 7.5, and 200 mM KCl. For pull-down assays, the recombinant glutathione S-transferase (GST)-tagged YB-1 proteins (1 g of each) were immobilized on glutathione-Sepharose beads and then incubated for 60 min at 4°C with 1 g of the activated or inactive form of Akt in 100 l of binding buffer (150 mM NaCl, 5 mM EDTA, 1 mM DTT, 10 mM Tris-HCl [pH 7.6], 1% Nonidet P-40, 0.05% sodium deoxycholate). After extensive washes, samples were eluted with 2ϫ Laemmli buffer, boiled, and analyzed by SDS-10% PAGE and silver staining.
UV cross-linking. Cap-labeled LUC mRNA was generated from uncapped LUC mRNA in the presence of 0.4 mM S-adenosyl-L-methionine (Sigma) and 100 Ci [␣-
32 P]GTP using vaccinia virus guanylyltransferase (Gibco-BRL). 5Ј-labeled LUC mRNA was generated in the presence of 50 Ci [␥-
32 P]ATP using T4 polynucleotide kinase (New England Biolabs). Cross-linking assay using YB-1 proteins (0.5 g) and the corresponding 32 P-labeled LUC mRNAs (ϳ0.1 g; 40,000 cpm of each) was done in parallel as described earlier (13) , except that YB-1 proteins were phosphorylated by the activated or inactive Akt form in the presence of cold ATP prior to incubation with LUC mRNAs.
Affymetrix microarrays and data analysis. Isolation of RNAs bound to YB-1 was done essentially as described previously (43) . Briefly, IPs of HA-YB-1-RNA complexes from K-Ras-NIH 3T3 cells ectopically expressing HA-YB-1 were performed in lysis buffer containing 250 mM KCl and 20 units of RNasin (Promega) using the anti-HA antibody immobilized on protein G-Sepharose beads. To control for nonspecific binding, RNAs from counterpart K-Ras-NIH 3T3 cells transduced with vector alone were isolated in parallel using anti-HA antibody beads. RNAs bound to the beads were phenol/chloroform deproteinized and precipitated with ethanol. Duplicated samples of total RNA or RNAs bound to anti-HA antibody beads (5 g of each) were then subjected to microarray analysis on MOE-430A MurineGenome chips (containing probe sets for 22,626 murine genes) using the Affymetrix platform (Santa Clara, CA). Synthesis of cDNA, biotin-labeled cRNA, target hybridization, washing, staining, and scanning were performed using standard Affymetrix protocols. The relative levels of mRNA were calculated from the probe-specific hybridization intensities, using the Probe Profiler probe-modeling algorithm (19) . This algorithm uses a principal component analysis to generate the weight for each probe in a probe set on the basis of the performance of the probe across all samples in the data set. Expression levels were normalized to ensure an approximately normal distribution of values. Profiles were analyzed for significant differences between samples using Genetrix software (Epicenter Software). The initial analyses were based on assessment of changes in pair-wise comparisons using a change plot for each gene. Genes exceeding a predefined threshold (a minimum expression level of 100 Affymetrix units) were selected as a subset list for further analysis. The specificity of signals generated from the HA-YB-1-bound mRNAs was enhanced by excluding those genes that were nonspecifically bound to anti-HA antibody beads in the absence of HA-YB-1 (see above). Functional annotations for genes in the filtered list were obtained using the Gene Ontology database (http://www .geneontology.org).
Semiquantitative reverse transcription-PCR (RT-PCR) and RNase protection assay. Reverse transcription was carried out using Superscript II reverse transcriptase (Invitrogen) and total RNA or RNA recovered from YB-1 immunocomplexes (2 g of each) as templates. All primer sets for PCR shown in Table 1 were designed to span exon boundaries to eliminate the risk of template contamination by genomic DNA. PCR was performed using Taq polymerase (Invitrogen) under the following conditions: 5 l cDNA; 200 nM primer mix; 100 M of all four deoxynucleoside triphosphates; 2 mM MgCl 2 ; and 30 cycles, with 1 cycle consisting of 30 s at 94°C, 1 min at 54°C, and 1 min at 72°C. RNAs extracted from the immunocomplexes with YB-1 or from polysomes were also analyzed by RNase protection by using the RiboQuant RNase protection assay kit (BD Biosciences) according to the manufacturer's protocols.
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RESULTS
YB-1 phosphorylation is increased in response to certain growth stimuli. Protein synthesis is up-regulated in response to various signals, including growth factors, hormones, and cytokines, and is accompanied by recruitment of translationally inactive mRNAs into polysomes (18, 31) . Since these signals exert their effects in part via phosphorylation of a large number of proteins involved in translational regulation (16), we tested whether YB-1 phosphorylation status might be altered in response to proliferative stimuli. For a model for these studies, we utilized nontransformed NIH 3T3 cells, as they display low basal activity of the major proliferative pathways, such as Rasmitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)-Akt. To monitor YB-1, these cells were engineered to ectopically express hemagglutinin-tagged YB-1 protein. This allowed us to use rabbit anti-YB-1 antibodies for immunoprecipitation and mouse anti-HA antibodies for immunoblotting or vice versa, thus avoiding overlapping signals from heavy-chain immunoglobulins. To establish the optimal treatment conditions, we monitored activation (phosphorylation) of the key molecules of the Ras-MAPK and PI3K-Akt cascades. As seen in Fig. 1A , in our experimental system the strongest induction of both pathways was achieved by using IGF-I, which stimulated phosphorylation of Akt and its downstream targets glycogen synthase kinase 3␤, FKHR, and mTOR as well as phosphorylated MEK1/2 and phosphorylated Erk1/2 (lane 4). To distinguish the input of PI3K-Akt or MAPK pathways, we utilized pharmacological inhibitors of MEK1/2 (PD098059 and UO126) and PI3K (LY294002 and wortmannin). We also tested rapamycin, a specific inhibitor of the mTOR serine/threonine kinase whose activity is regulated via Akt phosphorylation (17) . As expected, PD098059 specifically inhibited phosphorylation of MEK1/2 and Erk1/2 to the basal levels, while having no effect on phospho-Akt and its targets (Fig. 1B, lane 3) . For unknown reasons, UO126 partially inhibited phosphorylation of certain proteins in the PI3K-Akt pathway (Fig. 1B, lane 4) and thus was excluded from further experiments. We also found that LY294002 slightly reduced phospho-MEK1/2 in this cell line (Fig. 1B,  lane 5 ), so only wortmannin was utilized hereafter. To rigorously test the effects of growth stimulation or pharmacological blockade on YB-1 phosphorylation, NIH 3T3 cells were treated with various growth factors or inhibitors as described above and simultaneously labeled with [ 32 P]orthophosphate. Phosphorylated YB-1 was then immunoprecipitated and detected by autoradiography. As shown in Fig. 1C , phosphorylation of YB-1 was significantly induced by 20% fetal bovine serum and IGF-I but not by epidermal growth factor (EGF) or transforming growth factor ␤1 (TGF-␤1). We also found that pretreatment with wortmannin but not with PD098059 completely abolished YB-1 phosphorylation (Fig. 1D , compare lanes 4 and 5), indicating involvement of the PI3K-Akt pathway. Although the levels of phosphorylated YB-1 were also reduced by rapamycin (Fig. 1D, lane 3) , Akt phosphorylation was also slightly inhibited by rapamycin to a degree that parallels the decrease in YB-1 phosphorylation (Fig. 1B, lane 7) ; thus, the specific contribution of mTOR is unclear. These results suggest that YB-1 activities may depend on growth conditions and are mainly regulated via the PI3K-Akt pathway.
YB-1 is phosphorylated by Akt in vitro and in vivo. A search for potential phosphorylation motifs in YB-1 using a motif scanner prediction tool (http://scansite.mit.edu) highlighted Thr-80 and Ser-102 within the CSD as potential phosphorylation sites of the Akt kinase ( Fig. 2A) . To test whether YB-1 could be phosphorylated by Akt, we first performed in vitro kinase assays using recombinant full-length YB-1 or deletion mutants ( Fig. 2A) and commercially available inactive and activated forms of Akt. As seen in Fig. 2B , full-length YB-1 and an N-terminal fragment containing both the Ala-Pro-rich domain and the CSD were efficiently phosphorylated by activated Akt (lanes 3 and 5). Phosphorylation was extremely weak or absent when the C-terminal portion or the Ala-Pro domain of YB-1 alone was tested (Fig. 2B, lanes 2 and 4) , consistent with the notion that the CSD contains a major Akt phosphorylation site(s). Activated Akt by itself appears to be phosphorylated (Fig. 2B, lanes 1 to 5) , probably due to autophosphorylation (44) . To test the possibility that mTOR might also be involved in YB-1 phosphorylation, we utilized an mTOR immunoprecipitate as a source of kinase activity to phosphorylate YB-1 or a classical mTOR substrate, 4E-BP1 (5, 15). As seen 
a The forward (F) and reverse (R) primers are shown.
VOL. 26, 2006 REGULATION OF YB-1 REPRESSOR ACTIVITY BY Aktin Fig. 2C , 4E-BP1 was readily phosphorylated in the presence of mTOR immunoprecipitates (lane 3). In contrast, YB-1 was phosphorylated by activated Akt but not by mTOR, implying that YB-1 is unlikely to be a direct target of mTOR.
To further address the potential involvement of Akt in YB-1 phosphorylation, predicted phosphorylation sites on YB-1 were mutated to alanine, and the resulting mutant proteins (T80A and S102A) were tested using an in vitro kinase assay. While no effect was seen with the YB-1 T80A mutant, the Ser-102-to-Ala mutation abolished YB-1 phosphorylation (Fig. 2D) , thereby confirming Ser-102 as an Akt phosphorylation site in vitro. The wild-type YB-1 protein or YB-1 S102A mutant protein was then transiently expressed in NIH 3T3 cells and then metabolically labeled with [ 32 P]orthophosphate. Stimulation of these cells with IGF-I increased phosphorylation of wild-type YB-1 but had no effect on the YB-1 S102A mutant (Fig. 2E) , demonstrating the responsiveness of the Ser-102 site to IGF-I and implicating Akt as a primary candidate kinase responsible for YB-1 phosphorylation at Ser-102. It is noticeable, however, that in contrast to wortmannin (Fig. 1D) , the S102 mutation did not block completely YB-1 phosphorylation. This could be due to additional phosphorylation of YB-1 by some other kinases of the PI3K-Akt cascade, such as p70S6. Next, we tested potential interactions between Akt and YB-1 by screening for Akt-YB-1 complexes within cells. Using anti-YB-1 antibodies, we were able to coimmunoprecipitate Akt from cytosolic extracts of MCF-7 cells regardless of whether they were treated with IGF-I or wortmannin (Fig. 2F) . Although phosphorylated Akt was undetectable in immunocomplexes with YB-1 obtained from these cells (Fig. 2F , lanes 5 and 6), this might be due to the lower sensitivity of phosphoAkt versus total Akt antibodies. Indeed, using K-Ras-transformed NIH 3T3 cells, which possess significantly higher levels of phosphorylated Akt, we could detect phospho-Akt in complexes with YB-1 (Fig. 2G) . The IP experiments were performed in the presence of RNase A to avoid a possibility of indirect interaction between YB-1 and Akt through the RNA molecule. Direct interaction between Akt and YB-1 was confirmed by pull-down experiments of recombinant Akt with the GST-tagged YB-1 proteins immobilized on glutathione-Sepharose. Notably, Akt was pulled down with both wild-type and S102A mutant YB-1 proteins (Fig. 2H) , suggesting that the Akt binding site on YB-1 may differ from the site of phosphorylation. This possibility is currently under investigation. The YB-1-Akt association was also independent of whether activated or inactive Akt forms were used for pull-down experiments (Fig. 2H , compare lanes 3 and 4 to lanes 7 and 8), confirming the results of co-IP experiments. Nevertheless, due to limitations of the in vitro pull-down assays and IP experiments discussed above, none of these experimental approaches may precisely determine the affinity of phosphorylated versus nonphosphorylated Akt forms to YB-1, and therefore, the possibility of differential association of YB-1 with these Akt forms in vivo cannot be excluded. We conclude that Akt binds to and phosphorylates YB-1 in vitro and in vivo in a Ser-102-dependent manner.
Akt is associated with postpolysomal mRNPs. Recently, Sutherland and colleagues reported phosphorylation of YB-1 by Akt and identified Ser-102 as an in vitro Akt phosphorylation site on YB-1 (41) . Their results suggest that Akt-mediated YB-1 phosphorylation may be a potential mechanism regulating nucleocytosolic shuttling of YB-1. In other studies, Bader and colleagues reported that YB-1 functions downstream of Akt to selectively suppress PI3K-and Akt-mediated oncogenic transformation; however, they found that YB-1 is transcriptionally down-regulated in chicken embryo fibroblasts expressing a constitutively active myristylated form of Akt (MyrAkt) (1) . To clarify the potential biological significance of YB-1 phosphorylation by Akt, we utilized Rat1a embryo fibroblasts ectopically expressing MyrAkt or vector alone. Consistent with previous reports (3, 20, 40) , YB-1 exhibited predominantly cytosolic localization (Fig. 3A) . Despite high expression levels and elevated nuclear localization of MyrAkt, neither the levels of endogenous YB-1 nor its subcellular localization was changed. Also, we did not observe any difference in YB-1 levels or localization using MCF-7 cells (data not shown) or K-Rastransformed NIH 3T3 fibroblasts treated with wortmannin or IGF-I (Fig. 3B) .
Because cytosolic YB-1 is almost entirely bound to mRNAs (10), we next tested whether its association with postpolysomal or polysomal mRNAs might be affected by Akt. To this end, we performed sucrose gradient fractionation to compare the distribution of YB-1 within polysomal profiles obtained from Rat 1a cells expressing vector alone or MyrAkt. In contrast to cells expressing vector alone, cells expressing MyrAkt exhibited higher polysome-to-ribosome ratios (Fig. 3C) , probably due to a higher proliferation index and transformed phenotype. Consistent with previous results (10), considerable amounts of YB-1 were detected throughout the polysome region and in the postpolysomal zone in both cell lines (Fig. 3D) . However, in MyrAkt-expressing cells, significantly more YB-1 was detected in the top fractions of the gradient, which was predicted to contain unbound proteins (Fig. 3D, lanes 1 and 2) . Of further note, the upper band, which is sometimes visible in YB-1 preparations from NIH 3T3 cells ( Fig. 1C and D, 2E, and 4E) and likely represents the phosphorylated YB-1 form, is highly enriched in these fractions. Distribution of other mRNA-binding proteins, such as poly(A)-binding protein, which is predominantly associated with polysomal mRNAs (4), and translational repressor TIAR (22), were not changed, indicating that dissociation of a proportion of YB-1 from mRNA complexes in the presence of activated Akt may be functionally important. Interestingly, Akt was also detected in postpolysomal fractions (Fig. 3D, lanes 3 to 7) , suggesting that Akt by itself may be associated with postpolysomal mRNPs.
To directly address whether Akt might be present in mRNP complexes, we chose to utilize K-Ras-transformed NIH 3T3 cells in which Akt activity is physiologically increased (23) rather than cells overexpressing an artificial MyrAkt construct. In contrast to cells expressing vector alone, activated K-Ras cells display transformed spindle-shape morphology, form colonies in soft agar (Fig. 4A) , and possess substantially elevated levels of phospho-Akt (Fig. 4B) . These features make K-Rastransformed cells a useful model to study the effects of Akt activation on YB-1 functions. Consistent with sucrose gradient fractionation results, substantial amounts of both total and phospho-Akt were present in preparations of postpolysomal mRNPs (Fig. 4C) . In contrast, residual amounts of mTOR, if any, were detected exclusively in polysomal mRNP preparations (Fig. 4C) . It is important to note that the preparations described in this study represent mRNP and not large proteinprotein complexes, since they were purified using oligo(dT) cellulose chromatography, which is based upon adsorption of the mRNA component; treatment with RNase A was shown to abolish YB-1 binding to oligo(dT) cellulose (10) . Besides, these mRNP complexes exhibit characteristic protein composition (4, 29) , with YB-1 being the only major protein within postpolysomal mRNPs and with both YB-1 and poly(A)-binding protein present in polysomal mRNPs (Fig. 4D) . We next tested whether phosphorylation of YB-1 associated with postpolysomal or polysomal mRNPs may be induced by Akt activation. The HA-tagged wild-type or S102A mutant YB-1 proteins were recovered from the corresponding fractions after in vivo orthophosphate labeling of NIH 3T3 cells. As seen in Fig. 4E , following IGF-I treatment, the levels of phosphorylated wild-type YB-1 but not the S102A mutant YB-1 protein 282 EVDOKIMOVA ET AL. MOL. CELL. BIOL.
were strongly induced in postpolysomal fractions. Together, these data indicate that similar to YB-1, Akt is a component of translationally inactive postpolysomal mRNPs that upon activation may mediate YB-1 phosphorylation. YB-1 phosphorylation by Akt specifically reduces its interaction with the capped 5 terminus. In order to directly determine whether Akt-mediated phosphorylation may affect the RNA-binding ability of YB-1, we performed gel retardation assays using the wild-type or S102A YB-1 proteins phosphorylated by the activated or inactive Akt forms in the presence of cold ATP. As expected, increasing amounts of YB-1 caused a decrease in the mobility of uncapped chloramphenicol acetyltransferase (CAT) mRNA used in this assay (Fig. 5A) . Similar results were reported for ␤-actin (26) or ␣-globin (36) mRNAs, consistent with the notion that YB-1 binding to mRNA in vitro is strong but rather nonspecific (12, 24) . No considerable difference between the phosphorylated and nonphosphorylated forms of wild-type YB-1 or the S102A mutant YB-1 protein was observed (Fig. 5A , compare top and bottom gels), indicating that phosphorylation by Akt does not interfere with the RNA-binding ability of YB-1. We have shown previously that in addition to general RNA-binding activity, YB-1 is also capable of displacing eIF4E from the cap structure, thereby providing selective stabilization of capped mRNAs (13) . We thus examined whether interaction of YB-1 with cap might be regulated by Akt phosphorylation. Recent reports suggested utilization of m 7 GTP-Sepharose as a tool to analyze YB-1 binding to the cap structure (1, 3) . In our hands, however, binding of endogenous YB-1 to m 7 GTP-Sepharose was extremely weak and not comparable to that of eIF4E (V. Evdokimova, unpublished observations). In addition, the recombinant YB-1 protein bound to m 7 GTP-Sepharose was not competed by the 1 M) or IGF-I (50 ng/ml) for 2 h (ϩ) were analyzed by IB. Histone H3 and BiP were chosen as nuclear and cytosolic markers, respectively. Nucleolin is an example of a nucleocytoplasmic shuttling RNA-binding protein with predominantly nuclear localization. pAkt, phosphorylated Akt. (C) Polysomal profiles derived from Rat1a cells expressing vector alone or MyrAkt. Cytosolic cell extracts were layered on 15 to 50% (wt/vol) sucrose gradients in detergent-free lysis buffer and centrifuged at 4°C in a Beckman SW41 rotor for 3 h at 50,000 rpm. Gradients were fractionated from the bottom of the gradient and scanned for absorbance at 254 nm (A 254 ). (D) Following fractionation, 15 fractions were collected, concentrated by precipitation with ice-cold 5% trichloroacetic acid, and analyzed by IB. Note that in contrast to vector alone, in MyrAkt cells YB-1 is detected in the top fractions containing unbound protein (lanes 1 and 2) . PABP, poly(A)-binding protein.
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cap analogue, suggesting that association of YB-1 with the mRNA cap structure may occur only within the context of mRNA. We thus took advantage of a previously established system to monitor UV cross-linking of YB-1 to the 32 P-caplabeled mRNA (13) . As seen in Fig. 5B , both the wild-type and S102A mutant YB-1 proteins mock phosphorylated by the inactive form of Akt were efficiently cross-linked to the cap-labeled luciferase (LUC) mRNA (lanes 5 and 6) but not to the same 32 P-5Ј-triphosphate-labeled mRNA (lanes 8 and 9 and lanes 11 and 12). Remarkably, phosphorylation of the wild-type but not mutant YB-1 by activated Akt significantly reduced its cross-linking to the cap-labeled mRNA (Fig. 5B,  compare lanes 2 and 3) , indicating that Akt may modulate the ability of YB-1 to associate directly with or adjacent to the cap mRNA structure.
To further examine the physiological consequences of YB-1 phosphorylation by Akt, we tested the effect of phosphorylated versus nonphosphorylated YB-1 on the translational activity of the capped bicistronic mRNA CAT-PVI IRES-LUC. Increasing concentrations of YB-1 mock phosphorylated by the inactive form of Akt caused a dose-dependent decrease of CAT protein levels, whose expression is cap dependent (Fig. 5C, lanes 2 to  7) . However, translation of LUC mRNA, which is driven by poliovirus (PVI) internal ribosome entry site (IRES), remained largely unaffected, suggesting that nonphosphorylated YB-1 primarily inhibits cap-dependent translation. By contrast, 32 P]ATP, purified using heparin-Sepharose, and incubated in rabbit reticulocyte cell-free translation system as described above for panel C. IB of the same membrane is shown below. (F) Northern blotting showing degradation kinetics of cap ϩ CAT-PVI-LUC in the presence of mock-phosphorylated or phosphorylated YB-1 proteins. This experiment was done as described for panel C except for [ 35 S]methionine. Total RNAs were recovered from translation reactions at the times indicated and analyzed by Northern blot hybridization using the 32 P-labeled CAT cDNA probe as described earlier (13) .
VOL. 26, 2006 REGULATION OF YB-1 REPRESSOR ACTIVITY BY Akt 285
YB-1 phosphorylated by activated Akt inhibited LUC but not CAT expression (Fig. 5C , compare lanes 2 to 7 to lanes 9 to 14; see also Fig. 5D ). Using YB-1 phosphorylated by activated versus inactive forms of Akt in the presence of [␥-32 P]ATP, we confirmed that YB-1 maintained its phosphorylation status over 60 min of incubation in rabbit reticulocyte cell-free translation system (Fig. 5E) , and therefore, differential effects of the YB-1 forms on cap-dependent and IRES-dependent translation were indeed attributable to the YB-1 phosphorylation status. To exclude the possibility that the YB-1 forms might alter stability of the reporter mRNA, we analyzed the time course of its degradation in a cell-free translation system. As seen in Fig. 5F , degradation kinetics of the reporter mRNA were similar in the presence of phosphorylated or mock-phosphorylated YB-1. Slightly higher stability of the reporter mRNA in the presence of mock-phosphorylated YB-1 may reflect its higher affinity to the capped 5Ј terminus of the mRNA and consequently its ability to prevent 5Ј33Ј exonucleolytic degradation (13) , but it cannot explain differential effects of the YB-1 forms on the translational efficiency of the reporter mRNA. Considering that the general mRNA-binding activity of YB-1 was not significantly changed by phosphorylation (Fig. 5A) , the most plausible explanation for these results is that phosphorylation by Akt reduces YB-1 association with the cap structure and leads to its redistribution along the other parts of the mRNA molecule. This may increase concentration of YB-1 on the IRES structure, thereby inhibiting IRES-dependent translation. We therefore argue that phosphorylation by Akt specifically reduces YB-1 ability to bind to the capped 5Ј terminus of mRNA and to inhibit cap-dependent translation.
Microarray analysis of mRNAs associated with YB-1. We utilized Affymetrix 22,626-gene murine microarray chips to examine RNAs present in total cell extracts or in immunoprecipitated YB-1-RNP complexes. The latter approach is called ribonomics and is based upon identification of mRNAs bound to and regulated by the protein of interest (43) . YB-1-bound RNAs were immunoprecipitated from K-Ras-transformed NIH 3T3 cells ectopically expressing HA-YB-1 using anti-HA antibodies immobilized on protein G-Sepharose beads. To control for nonspecific binding, RNAs from the control cells transduced with vector alone were isolated on anti-HA antibody beads in parallel. Normalized profiles of mRNAs bound to YB-1 were then generated by subtracting the genes that were nonspecifically bound to the beads in the absence of HA-YB-1. We first investigated differences in total cellular mRNA populations and those associated with YB-1. About 40% of all the genes on the array were hybridized using the inputted total cellular RNA (Fig. 6A) . Approximately 18% of the total messages represented on the arrays were identified in YB-1 complexes (Fig. 6A) . Among the YB-1-associated messages, over 300 transcripts were not detectable in total RNA preparations (for complete lists of identified mRNAs, see ftp: //genomecore-chla.usc.edu/public/AKT-YB1/), suggesting that specific mRNA subsets may be selectively enriched within YB-1 complexes. Specifically, low-abundance messages encoding cell growth and maintenance molecules constituted onethird of the unique YB-1-bound transcripts (data not shown). Additional evidence for YB-1 mRNA binding selectivity was obtained by analyzing functional distribution of total and YB-1-bound transcripts. While most of the functional gene categories were quite similarly represented between the two profiles, we observed a much higher proportion of signal transduction-related probe sets among the YB-1-bound fraction than in total RNA profiles (Fig. 6B) . Furthermore, large sets of transcripts identified in YB-1 complexes appear to code for proteins that belong to the same regulatory pathway. These include 7 members of the ATP-binding cassette transporter family that are known to confer multidrug resistance in cancer cells as well as 5 components of the insulin signaling pathway, 13 members of mitogen-activated protein kinase cascade, 7 cyclins and cyclin-dependent kinases, a number of proteins involved in translational control, etc. (Table 2 ). Besides, more than 200 transcripts found in the complex with YB-1 encode growth factors, receptors, and associated proteins, including fibroblast growth factor 9, fibroblast growth factor receptor 5, granulocyte-macrophage colony-stimulating factor (GM-CSF), IGF-I, IGF-binding proteins 4 and 5, platelet-derived growth factor 4 (PDGF-4), PDGF receptor ␣ (PDGFR-␣) and ␤, TGF-␣ and -␤, TGF␤i4, and vascular endothelial growth factor B (VEGF-B) and C. These findings are consistent with other studies demonstrating specific binding of YB-1 to certain cytokine and growth factor mRNAs including IL-2, GM-CSF, and VEGF (6-8). Although the above interactions still need to be confirmed, these findings suggest a possibility that transla- tional activity and/or stability of many transcripts is regulated by a common mechanism.
To verify the identities of selected candidate mRNAs in YB-1 complexes and to delineate potential effects of PI3K-Akt signaling, we performed semiquantitative RT-PCR analysis of RNA preparations derived from K-Ras-NIH 3T3 cells challenged with IGF-I or wortmannin. Having established that phosphorylation by Akt may reduce YB-1 binding to the capped 5Ј terminus of the mRNA and its inhibitory effect on cap-dependent translation, we choose to analyze the postpolysomal YB-1-bound mRNAs in order to determine whether association of translationally inactive transcripts with YB-1 might be affected by Akt activation. RNAs were thus recovered directly from postpolysomal fractions or after IP with anti-YB-1 or preimmune rabbit antibodies. For these analyses, we chose several representative growth-and stress-related mRNAs, such as GADD45␤, cyclin D1, c-jun, mertk, PDGFR-␤, TGF␤i4, and VEGF-C (Table 2 ). Since none of the transcripts encoding ribosomal proteins was found in the complex with YB-1, we utilized L32 mRNA to control for unspecific binding. Not surprisingly considering the short treatment times and the semiquantitative nature of RT-PCR, the levels of each tested transcript recovered from total postpolysomal RNA populations were not significantly altered in response to wortmannin or IGF-I (Fig. 7A, three top gels) . However, binding of certain transcripts to YB-1 was dramatically changed by the above treatments. For example, mertk mRNA, which was undetectable in total RNA preparations, was highly enriched in the pool of YB-1-bound transcripts after exposure to wortmannin (Fig. 7A, lane 5) . Similarly, levels of cyclin D1 and PDGFR-␤ mRNAs were markedly elevated in YB-1 complexes compared to total postpolysomal RNA preparations, especially in response to wortmannin (Fig. 7A, lanes 2 and 6) . Stimulation with IGF-I reduced association of YB-1 with many transcripts (Fig. 7A ). Of note, L32 mRNA was readily detected in the preparation of total postpolysomal RNAs but not in the pool of YB-1-bound transcripts (Fig. 7A, lane 3) . For unclear reasons, we failed to detect VEGF-C mRNA in the complex with YB-1. None of the mRNAs tested was detected when preimmune antibodies were used as bait for RNA isolation (Fig. 7A , bottom gel), further indicating the selectivity of YB-1 binding to certain mRNA species.
To simultaneously screen for changes in the mRNA profiles in response to IGF-I or wortmannin, YB-1-bound postpolysomal mRNAs or mRNAs derived from polysomal fractions were analyzed by multiprobe RNase protection assay using template sets specific for a panel of growth-related mRNA targets (Fig. 7B) . We also employed housekeeping mRNAs, L32 and GAPDH, as controls. In agreement with RT-PCR data, L32 mRNA was not detected in the complex with YB-1; however, both L32 and GAPDH mRNAs were highly enriched in polysomal fractions (Fig. 7B, lanes 4 to 6) . In contrast, several growth-related mRNAs, such as IGF-IA, c-fos, and GM-CSF, were detected in association with YB-1 in the fraction of postpolysomal mRNPs but not in polysomes (Fig. 7B, lanes 1 to 3) . Others, such as c-jun and junD, were present in both RNA populations. Treatment with IGF-I diminished the association of c-jun mRNA with YB-1 and increased its levels in polysomes (Fig. 7B , compare lanes 2 and 3 to lanes 5 and 6). The levels of IGF-IA, junD, and c-fos mRNAs associated with YB-1 were also somewhat decreased in response to IGF-I; however, these messages were not visible in polysomal fractions, possibly due to sensitivity limitations of this approach. Overall, these data indicate that many growth-related mRNAs are kept silent in the complex with YB-1, and at least some of them may be released for translation upon induction of PI3K-Akt signaling.
In order to directly determine whether YB-1 phosphorylation may enhance the translation efficiencies of the target mRNAs, we performed metabolic [ 35 S]methionine labeling of K-Ras-NIH 3T3 cells ectopically expressing YB-1 or vector alone. Cells were left untreated or treated with IGF-I or wortmannin for 2 h, followed by IP of the candidate proteins. Due to the short treatment times, this strategy allowed us to monitor the effects of the above compounds on translation, excluding their potential influence on transcription of the corresponding genes. As seen in Fig. 7C , the expression levels of cyclin D1, cyclin E, and c-jun were reduced in YB-1-overexpressing cells than in cells expressing vector alone (compare lanes 1 and 4) . However, stimulation with IGF-I rescued cyclin D1 protein expression, in agreement with the notion that activation of Akt signaling releases YB-1-bound cyclin D1 transcripts for translation. The ability of IGF-I to rescue the other transcripts was less evident, suggesting additional complexity for this process. The effect was specific for the YB-1-bound mRNA targets, since the expression levels of ␤-actin were unaffected in either cell line under the same conditions. Therefore, an increase in YB-1 levels results in translational repression of specific mRNA subsets, whereas activation of Akt signaling releases them for translation. These data are consistent with the idea that translational activation of certain mRNAs is a direct consequence of YB-1 phosphorylation by Akt.
DISCUSSION
This study provides compelling evidence that YB-1 associates with the serine/threonine kinase Akt in vitro and in vivo. We found that Akt mediates phosphorylation of YB-1 in vitro at Ser-102 and that the phosphorylation of the wild-type YB-1 but not a Ser-102-to-Ala mutant YB-1 protein was induced by Fig. 5A and B) . Consistent with this notion, phosphorylated YB-1 was less capable of repressing cap-dependent translation but exhibited a stronger inhibitory effect towards IRES-dependent translation (Fig. 5C ). The total levels of YB-1 within inactive mRNPs did not seem to be changed significantly, as we did not observe a massive overall dissociation of YB-1 from inactive mRNPs in response to IGF-I stimulation or oncogenic transformation with K-Ras or MyrAkt. Akt phosphorylation likely redirects the repressor activity of YB-1, thereby altering mRNA subsets bound to YB-1. Indeed, YB-1 interactions with the majority of mRNAs tested in this study were dynamic and dependent on PI3K-Akt signaling. The levels of many transcripts, including cyclin D1, c-jun, mertk, and PDGFR-␤ mRNAs, were elevated in the postpolysomal complexes with YB-1 from wortmannintreated cells and reduced following IGF-I stimulation ( Fig. 7A and B), supporting the idea that phosphorylation of YB-1 is sufficient to activate translation of stored mRNA species. These observations correlated well with a reduction of the expression of the corresponding proteins in YB-1-overexpressing cells, which was reversed by IGF-I stimulation (Fig. 7C) . A role for Akt and Ras signaling in oncogenic activation via differential recruitment of preexisting mRNAs to polysomes has recently emerged as an important mechanism for regulating expression of growth-related and oncogenic proteins (31, 32) . This is also substantiated by our finding that Akt by itself was detected within translationally inactive mRNPs. Moreover, a total of 93 transcripts identified in the YB-1 complexes in our study (Table 3) were among the 343 messages previously suggested to be kept silent and rapidly activated by Ras/Akt signaling (32) .
Although the exact requirements for mRNA recognition remain to be defined, it is clear that YB-1 exhibits selectivity towards specific mRNA subsets. A significant number of mRNAs detected in YB-1 complexes are low-abundance messages coding for regulatory proteins involved in cell growth and survival and stress responses. Of further note, we did not observe abundant housekeeping transcripts, such as those coding for L32 or glyceraldehyde-3-phosphate dehydrogenase in the pool of YB-1-bound mRNA. This is despite the fact that L32 mRNA belongs to a family of mRNAs containing 5Ј-end oligopyrimidine tract and is known to be redistributed from untranslated postpolysomal particles into polysomes after mitogenic activation of quiescent cells (21) . One possibility is that YB-1 may directly recognize highly structured GC-rich 5Ј untranslated regions characteristic of many growth-related mRNAs (25) . Another possibility is that YB-1 simply binds to messages that are physically excluded from translation due to their inability to compete for translation initiation factors, especially eIF4E, which is the least abundant and thus, the ratelimiting factor in the binding of ribosomes to the mRNA (38) . The latter possibility is supported by our previous findings that YB-1 binding to the cap structure is alleviated by sequestration of eIF4E with 4E-BP1 or by adding cap analogue (13) . We therefore propose that certain messages, whose translation is associated with a higher requirement for cap-dependent initiation, are being bound to YB-1 and kept in a silent state. Storage of these messages can be especially important considering their low abundance, short half-life when being translated, and key role in regulating cell growth. This pool of stored mRNAs may be utilized in response to growth stimuli, thereby allowing cells to respond rapidly to changing extracellular environments. It should also be noted that some of these transcripts, such as c-jun and junD, were also present in polysomal fractions (Fig. 7B) , indicating that YB-1 may maintain a "backup" pool of messages which can be utilized by translational machinery as the pool of their polysomal counterparts declines.
The above data support a model whereby phosphorylation by Akt renders YB-1 less competitive for binding to the capped 5Ј end of mRNAs, such that it could be more easily displaced by the translation initiation complex driven by eIF4E (for a model, see Fig. 8 ). In this manner, activation of mRNA species silenced by YB-1 may require both YB-1 phosphorylation to reduce its affinity to the cap and sufficient availability of the active eIF4E to subsequently recruit the YB-1-bound transcripts to polysomes. This mechanism ensures that the mRNA FIG. 8 . Model for translational regulation via Akt-mediated YB-1 phosphorylation. Under normal growth conditions, competition between mRNAs for available translational components excludes many of them from translation and causes their accumulation in the pool of inactive postpolysomal mRNPs. Growth-related mRNAs are primarily affected, owing to their highly structured 5Ј untranslated regions and the small amount of active eIF4E in the cell. A great number of these messages are kept silent and stable in the complex with YB-1, which supposedly functions as a gatekeeper blocking access of eIF4E and degradation enzymes to the mRNA species (13) . Upon activation, Akt phosphorylates YB-1 and reduces its affinity to the capped 5Ј terminus of mRNA. Akt signaling also leads to phosphorylation of 4E-BP1-inhibitory protein, thereby increasing levels of active eIF4E. In turn, eIF4E is capable of displacing phosphorylated YB-1 and releasing the YB-1-inhibited mRNAs to polysomes. PABP, poly(A)-binding protein; PAIP2, PABP-interacting protein 2; P, phosphate group; Rs, ribosome.
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is released to polysomes only under favorable translational conditions. Otherwise, it is kept silent and stable in the complex with YB-1. This would necessitate a strongly coordinated process that is dependent on a balance between the YB-1 level, Akt activity, and availability of eIF4E and perhaps other components of the translational machinery. Elevation of YB-1 above physiological levels therefore might be predicted to block PI3K-Akt signaling due to (i) exceeding the ability of Akt to phosphorylate the excess of YB-1 and/or Akt inactivation by sequestering it into nonfunctional complexes with YB-1, and (ii) silencing of growth-related messages whose translational activity is poor and highly dependent on eIF4E. Indeed, it has been demonstrated that YB-1 overexpression specifically overcomes PI3K-and Akt-induced oncogenesis by inhibiting protein synthesis (1, 2) . Although up-regulation of YB-1 has been detected in many human cancers (for a review, see reference 24), this may represent a preventive cellular mechanism directed to overcome neoplastic growth. Deregulation of this mechanism by hyperactivation of Akt, eIF4E, or other means may contribute to uncontrolled proliferation in cancer cells. This possibility awaits further experimental confirmation.
